The DNA binding protein of stationary phase cells (Dps)-first discovered in starved Escherichia coli-is capable of providing protection to cells during exposure to various environmental assaults. Its ability to do so is based on three intrinsic properties of the protein: DNA binding, iron sequestration, and its ferroxidase activity. Proteomic studies have lead to the inference of a regulatory role for Dps as well; however, the ability of Dps to serve as a global regulator during nutritional deprivation has yet to be directly examined. In this study, we utilized microarray analysis and quantitative real-time PCR to establish direct evidence for a regulatory role of Dps in starved Salmonella enterica serovar Enteritidis. The results of our microarray screening revealed over 150 genes significantly up or down regulated in starved cells lacking functional Dps protein. Also, we identified a small subset of genes regulated by Dps that are important for the induction of hydrogen peroxide, iron, and acid resistance. The fact that it positively regulates genes important for stress resistance further solidifies Dps as a virulence regulator in S. enteritidis; for resistance to such cytotoxic conditions is likely to translate into enhanced survivability and virulence within infected hosts.
INTRODUCTION
Stress response proteins in Salmonella are often the product of de novo protein synthesis following the appropriate stimulus and ultimately help this pathogen to cope with fluctuating environments. One such stressrelated protein, Dps (DNA binding protein in stationary phase cells), is particularly crucial for protection against highly stressful conditions in nutritionally deprived cells. Dps is initially produced in exponential phase-where it is expressed at low levels-and accumulates during stationary phase up to nearly 200,000 molecules per cell, at which time it is the most abundant protein in the cell [1] . Expression of Dps is regulated in an RpoSdependent manner and is also regulated by OxyR and σ s [2] . In addition to affording protection during nutritional deprivation, Dps has shown an ability to protect against other environmental stresses as well; including UV and gamma irradiation, metal toxicity, thermal stress, and acid/base shock. [3] [4] [5] [6] [7] [8] . However, Dps has most notably been associated with protection against oxidative stress and is reported to contribute to oxidative stress resistance, survival in macrophages, and virulence in mice [6] . Although it has been suggested [1, [8] [9] , little evidence has been offered that demonstrates the participation of Dps in the direct and/or indirect regulation of genes expressed during starvation. However, the notion that Dps may play a role in regulation during stressful conditions is not unwarranted. In the initial study describing Dps [1] , a dramatic difference in the proteomes of wild type and dps mutant strains, as well as the pleiotropic phenotype of the dps mutant strain was revealed by examining the patterns of proteins synthesized after three days of starvation via twodimensional gel electrophoresis. Proteomic differences included both the absence of proteins in the mutant synthesized in the wild type after three days, as well as the appearance of proteins in the mutant that were not synthesized in the wild type. Furthermore, Dps shares several properties of histone-like proteins, such as the heterodimeric protein HU associated with the E. coli nucleoid and H-NS, the heat-stable nucleoid-structuring protein [10] [11] . In addition to binding DNA in a highly stable manner, histone-like proteins can also act both as positive and negative effectors in different systems [10] [11] . The concentration of the histone-like protein H-NS has been shown to increase slightly during stationary phase-as does that of Dps-and a highly similar pleiotropic phenotype with regard to gene expression is observed in cells lacking H-NS [12] . Although the aforementioned studies have lead to the inference of a regulatory role for Dps in the global regulation of protein expression following prolonged starvation, experimental evidence of the direct or indirect role of Dps in gene regulation during stationary phase has yet to materialize. Without direct evidence, a persuasive argument could be made that genes are not directly or indirectly regulated by Dps and that the observed pattern of protein expression occurs because DNA tightly bound to Dps is inaccessible to transcription factors that may positively or negatively regulate gene expression-and/or transcriptional machinery. Therefore, this work aims to establish direct evidence of the regulatory role of Dps in stationary phase (starved) Salmonella Enteritidis (S. enteritidis). We began by performing a microarray screen using. S. enteritidis dps and its parental wild type strain in order to identify genes that are differentially expressed in the absence of functional Dps protein. Following microarray screening, a subset of genes downregulated in the dps mutant were subjected to quantitative real-time PCR to verify the expression pattern obtained from microarray screening. We concluded this study by determining the level of importance of selected factors in hydrogen peroxide, iron, and acid resistance.
METHODS

Growth conditions and bacterial strains
The wild type strain Salmonella enterica sv. Enteritidis strain LK5 used in this study is a chicken isolate [13] . All bacteria were routinely propagated using Luria-Bertani (LB) media unless otherwise stated. Growth media was supplemented with kanamycin (50 µg/mL) when necessary. All plates and cultures were incubated at 37 o C at 225 rpm.
Microarray analysis
Microarray analysis was performed according to the protocol provided by The Pathogen Functional Genomics Resource Center (Rockville, Maryland). S. enteritidis ∆dps and its parental strain were grown to late stationary phase (18 hours). Total RNAs were isolated from starved cultures using an RNeasy ® mini kit (QIAGEN) and treated with DNAse. For each sample (mutant and wild type), ten micrograms of total RNA was incubated at 42°C overnight to generate cDNA in the following reaction mixture: 0.5 mM dATP, 0.5 mM dCTP, 0.5 mM dGTP, 0.2 mM dTTP, 1 mM amino allyl-modified dUTP (Sigma), 0.01 M dithiothreitol (DTT), 40 U RNaseOut TM (Invitrogen), 400 U SuperScript TM III reverse transcriptase (Invitrogen) and 1X First Strand buffer (Invitrogen). The cDNA solution was hydrolyzed by the addition of 50 mM EDTA and 100 mM NaOH and then incubation for 15 min at 65°C. To neutralize the reaction mixture, 1 M Tris, pH 7.0 was added to each sample. The cDNA was then washed, concentrated using a MinElute PCR purification kit (QIAGEN), and coupled to Cy3 or Cy5 dye (Amersham Biosciences) according to the manufacturer's instructions. The Cy3-and Cy5-labeled cDNA was then washed and eluted. The concentration of the labeled cDNA and dye incorporation into the cDNA was determined using a spectrophotometer NanoDrop, ND-1000 (NanoDrop Technologies). Differentially labeled cDNAs were then combined and dried using a speed vacuum. The mixture was resuspended in 1X hybridization buffer (5X SSC, 0.1% sodium dodecyl sulfate (SDS), 40% formamide, 0.6 μg/mL salmon sperm DNA (Ambion) and 0.1 mM DTT). Microarray slides were incubated in pre-hybridization solution (5X SSC, 0.1% SDS, 1% BSA) for two hours at 42°C and dried by centrifugation prior to hybridization. The labeled cDNA mixture was hybridized to the microarray slide for 16 hours at 42°C. Following hybridization, the microarray slide was washed in three different wash solutions; low stringency solution (2X SSC, 0.1% SDS and 0.1 mM DTT), medium stringency solution (0.1X SSC, 0.1% SDS and 0.1 mM DTT) and high stringency solution (0.1X SSC and 0.1 mM DTT). Finally, the rinsed slide was dried by centrifugation and scanned using a GenePix 4000 Array Scanner. Spot data were normalized using locally weighted scatterplot smoothing (Lowess) algorithm and analyzed using GenePix 5.0 and. Proper controls were included in the microarray analysis.
Quantitative Real Time PCR
Three genes significantly repressed in the S. enteritidis dps deletion mutant (as determined by microarray analysis) were selected for further study. Genetic repression at the mRNA level was further verified with quantitative real-time PCR (qRT-PCR). Total RNA isolation of S. enteritidis ∆dps and its parental strain was achieved using Qiagen's RNeasy ® Mini Kit following the manufacturer's instructions. (Enzymatic lysis of cell wall material was performed beforehand by incubating freshly harvested cells in TE buffer containing 1mg/mL lysozyme for five minutes at room temperature.) Following DNAse treatment, cDNA was synthesized (QuantiTect ® Reverse Transcrition Kit, Qiagen) and subsequently diluted tenfold in preparation for PCR. Primers utilized in this assay (listed in Table 1 ) were designed using gene specific sequences from S. Typhimurium LT2 obtained from coliBASE, an online database (http://xbase.bham.ac.uk/colibase/), and were designed to amplify ~100-base pair internal fragments from each gene. All primers were validated and deemed suitable for RT-PCR beforehand using PCR analysis. qRT PCR was performed as a relative quantification run using the StepOne ™ Real-Time PCR System (Applied Biosystems) and SYBR green reagents for detection. Reaction mixtures were prepared as follows: 10 µL 2X SYBR Green PCR master mix (Applied Biosystems), 10 pmol/µL forward primer, 10 pmol/µL reverse primer, cDNA template (~10 ng), and nuclease-free water up to 20 µL. Thermocycling conditions were as follows: 95 o C for 10 min, followed by 40 cycles of 95 o C for 15 sec, 60 o C for one min. Runs for each target included a negative control lacking target cDNA . The 16s RNA gene was used for normalization of all data. qRT-PCR data was analyzed using StepOne TM software (Applied Bioinfo Publications Biosystems). The reproducibility of each the RT-PCR reactions was confirmed by running independent reactions on different days. All runs were performed five times and the results for each gene were averaged.
Deletion mutant construction
Knockout S. enteritidis mutants harboring deletions in either dps, STM0410, galR, or STY4154 were made using an overlapping PCR extension protocol previously described [14] and the λ Red recombination system [15] . Primers used to create deletion cassettes are listed in Table 3 . For deletion mutant construction, the immediate up and downstream regions (300-500 bp) of the gene targeted for deletion, as well as the kanamycin resistance cassette from pKD4 were amplified in separate PCR reactions. A final overlapping extension PCR reaction (using the three aforementioned PCR products) was performed to create a single linear deletion cassette (total length 2.2 -2.3 kb). The deletion cassette was incorporated into the genome of S. enteritidis via the λ Red recombinase system previously described [15] . Deletion of the target genes was initially confirmed by colony PCR and ultimately by sequencing. Finally, isogenic strains were constructed in a fresh background for each knock-out strain by P22 HT int mediated transduction of the mutations into wild type S. enteritidis.
Stress assays
Starved cultures were subjected to oxidative stress, acid stress, and iron stress. Cultures of the parental S. enteritidis strain and all derived mutant strains (harboring mutations in dps, STM0410, galR, or STY4154) were grown for eighteen hours in M9 glucose minimal medium without antibiotics. One milliliter samples were washed twice and resuspended in PBS. Stressors for the hydrogen peroxide and iron stress assays were added at the following concentrations: 20mM H2O2 and 100mM FeSO4, respectively. For the acid stress assay, a one milliliter sample of the starved culture was washed twice and resuspended in PBS (pH 2.0). Challenge cultures were then grown for one hour with samples removed at 0, 20, 40, and 60 minutes, then serial diluted, and plated. The CFU/mL of each challenge culture was calculated and the percent survival for the culture was determined after each sampling time point using the following formula % survival at timeX = (CFU per mL at timeX/ CFU per mL at timeo) x 100
All challenge assays were performed in triplicate and the presented results represent the average for each strain.
Statistical methods
The data reported for resistance studies are the average values from three independent trials. Data reported for qRT-PCR runs were the average of five independent trials. All data was analyzed using the Student's t-test and P values <0.05 were considered to be significant.
RESULTS
Microarray screening
We initially performed a microarray analysis to monitor changes in gene expression in a S. enteritidis dps deletion mutant grown to late stationary phase. The mRNA levels for over sixty genes were significantly reduced in the dps deletion mutant (Supplementary Table 1 ) and were significantly elevated for over 130 genes (Supplementary Table 2 ). The threshold for significance in this study was at least a four-fold increase or decrease in expression (M=2.0). Although all genes differentially expressed in the dps mutant were prospective targets for further investigation into the regulatory role of Dps, we focused on three genes (each coding for a known or putative regulatory element in Salmonella) showing significant downregulation in the dps mutant: STM0410, galR (STM3011), and STY4154. (STM0410 and STY4154 are locus tags of two previously uncharacterized genes in Salmonella Typhimurium LT2.) These three genes were chosen because of their known (or putative) regulatory ability. By selecting these genes we hoped to show that Dps' elevated position within the regulation hierarchy in starved S. enteritidis and would therefore have a profound effect on the expression of regulatory elements lower in the cascade. The S. enteritidis dps mutant to wild type ratios of mRNAs for STM0410, galR, and STY4154 (obtained via microarray) are depicted in Figure 1a . A ratio of less than one is indicative of excess target mRNA in the parental strain when compared to that in the dps mutant.
Quantitative Real-time PCR Quantitative real-time PCR was performed to verify that STM0410, galR, STY4154 mRNA transcripts are truly diminished in the dps mutant. The expression of each gene in parental strain was taken to be the basal level of expression for that particular gene (for the growth conditions used in this study) to which the expression in the dps deletion mutant was compared. The relative quantification of each target gene ( Figure 2 ) was calculated from the RT-PCR data obtained using the comparative ΔCT (ΔΔCT) method. When compared to parental cultures, all three targets with reduced mRNA levels in S. enteritidis ∆dps (as determined via microarray) showed reduced expression at the transcriptional level. STM0410, galR, and STY4154 showed a 82%, 31%, and a 62% decrease in expression (respectively) in the dps mutant. The combined results of the microarray screen and qRT-PCR experiments suggest that STM0410, galR, and STY4154 are indeed underexpressed at the transcriptional level in the S. enteritidis dps deletion mutant.
Stress assays
Deletion mutants harboring mutations in three genes verified as being significantly underexpressed in the dps deletion mutant (STM0410, galR, and STY4154) were constructed (as described in experimental procedures) and subjected to oxidative, iron, and acid stress to resistance in starved S. enteritidis. We set out to determine if the genes we have identified as being regulated(directly or indirectly) by Dps were also important for hydrogen peroxide, iron, and acid resistance. Stress assays were carried out as described in the experimental procedures section. Briefly, starved S. enteritidis Δdps, ∆STM0410, ∆ galR, ∆STY4154 and wild type cultures were exposed to 20mM H2O2, 100mM FeSO4, and pH 2.0 for one hour. When subjected to H2O2, the parental strain demonstrated a significant level of resistance, with a percent survival of 86% after 20 minutes and 20% after one hour. Conversely, all four mutant strains were hypersensitive to hydrogen peroxide when compared to parental S. enteritidis (Figure2a). The STM0410, galR, and STY4154 deletion mutants performed slightly better than the dps mutant after 20 minutes, but showed similar survivability after 40 minutes exposure.
With the exception of S. enteritidis ΔSTM0410 (which had a percent survival of 64%), the percent survival of each mutant dropped below fifty percent within 20 minutes of exposure. After one hour of exposure however, all mutant cultures were completely killed, except for the STM0410 deletion mutant, in which one percent of the culture remained viable. The iron and acid stress assays produced results comparable to those of the hydrogen peroxide stress assay. In these assays, the deletion mutants were also more susceptible to the aforementioned stresses than the wild type. When exposed to 100mM FeSO4, the STM0410, galR, and STY4154 mutants performed similar to the dps mutant at 20, 40, and 60 minutes (Figure2b). Less than 45% of all mutants remained viable after 20 minutes exposure to FeSO4, while 88% of the wild type culture remained at this time point. After 60 minutes exposure to FeSO4, less than 1% of each mutant culture remained viable while nearly 15% of the parental culture remained viable. All deletion mutants examined were also hypersensitive to acid stress (Figure2c). With the exception of the STM0410 deletion mutant culture (which had a percent survival of 44%) less than 30% of all mutants remained viable after 20 minutes exposure to pH 2.0. At this time point, the parental strain had a percent survival of 69%. The STM0410 mutant was slightly less sensitive to extreme acidity than the STY4154, dps and galR mutants. After 40 minutes, this mutant showed a survival rate similar to the wild type (17% and 23% respectively). As in the H2O2 sensitivity assay, the acid resistant phenotype of the STM0410 mutant seemed to be between that of the wild type and dps mutant. Yet, the acid resistance observed in the STY4154 mutant and the galR mutant were very similar to that observed in the dps mutant.
DISCUSSION
The regulatory role of the ferritin-like protein Dps was investigated herein for the first time utilizing analytical techniques designed to monitor changes in gene expression. The possibility of a regulatory function for Dps was initially suggested [1] due to the pleiotrophic phenotype of E. coli dps (with respect to protein expression) revealed via 2D gel electrophoresis. To elucidate this function, we monitored gene expression within S. enteritidis dps utilizing in depth genetic expression analysis to establish concrete evidence of the regulatory role of Dps. Microarray screening performed in this work revealed the differential expression of hundreds of functionally distinct genes in starved S. enteritidis dps. Furthermore, we were able to show that the putative regulators encoded from STM0410 and STY4154 and the galactose repressor protein galR are indeed underexpressed in starved S. enteritidis dps. Cumulatively, these results strongly suggest that Dps functions as a global regulator in S. enteritidis during conditions of nutrient deprivation and that the protein positively regulates the expression of galR, STM0410 and STY4154 under said conditions. Although our results are indicative of Dps' regulatory role, we did not ascertain if Dps directly or indirectly regulates the aforementioned target genes in this particular study. Direct regulation of targets by Dps would imply the protein was able to recognize specific DNA sequences or promoters and bind accordingly. Such a regulatory phenomenon would best be proven utilizing an in vitro DNA binding assay employing specific DNA sequences or promoters as a binding targets and purified Dps protein.
However, a known binding property of Dps vital for its ability to sequester and protect chromosomal DNA during stress is its capacity to bind DNA in a sequence independent manner. Dps may have an ability to bind with sequence specificity depending on the nature of its activity, i.e. Dps could recognize DNA with sequence specificity when functioning in a regulatory capacity and non-specifically when functioning as a sequestering and protective agent. As previously mentioned, Dps has been labeled a histone-like protein due its many similarities with the eukaryotic histone. These proteins are known to perform discriminately in differing physiological conditions with regards to gene regulation [10] [11] . Such discriminate recognition of DNA is therefore plausible for Dps, as there is no direct evidence that Dps is incapable of binding DNA in a sequence specific manner under certain circumstances. In the process of elucidating the regulatory role for Dps, we identified galR as an important element for the induction of resistance in starved S. enteritidis; specifically resistance to hydrogen peroxide, iron, and acid. The gene product of galR is the DNA-binding transcriptional regulator of the galactose operon GalR. This genetic repressor is a member of the LacI/GalR family; a family consisting of numerous transcriptional regulators involved in metabolic regulation. The expression of galR is controlled (at least partially) by Dps in starved S. enteritidis (as shown in this study). However, the expression of galR is controlled by the global regulator, RegR in Streptococcus pneumonia [16] . RegR is important for the adaptive response of Streptococcus pneumonia and serves as a virulence regulator in this organism as well [16] . These stress and Bioinfo Publications virulence-related characteristics of RegR are strikingly similar to those of Dps; as Dps is also a known virulence regulator and is involved in the adaptive stress response in Salmonella [1, [4] [5] [6] [7] [8] . Taking into account that galR is regulated by the virulence regulator RegR in Streptococcus pneumonia, it is not surprising that galR is subject to regulation by Dps-a virulence regulator-in S. enteritidis. Consequently, GalR may also have a role in the virulence of S. enteritidis. The genetic elements represented by locus tags STM0410 and STY4154 were uncharacterized prior to this study. NCBI's Entrez Gene (www.ncbi.nlm.nih.gov/gene) currently describes both simply as "predicted" regulatory elements. Although we did not attempt to assign a definite regulatory role for these proteins or attempt to identify their possible regulatory targets at this time, we were able to demonstrate importance of these proteins in induction of stress resistance in starved S. enteritidis; particularly to oxidative stress, acid stress, and iron stress. Dps is crucial for hydrogen peroxide and iron detoxification and for acid resistance [5, [17] [18] . Because they are (directly or indirectly) regulated by Dps, it is not completely unexpected that these genes would be important for protection against these cytotoxic elements as well. STM0410 and STY4154 may themselves mediate stress resistance or positively and/or negatively regulate proteins necessary for/or deleterious to the induction of stress resistance in starved S. enteritidis. It should be mentioned however, that results of the acid resistance assay may suggest that STM0410 plays a less significant role in the induction of acid resistance than galR and STY4154. The STM0410 deletion mutant was less sensitive to the extreme acid conditions of the assay, resulting in a resistant phenotype similar to that of the wild type. This trend is most obvious after 40 minutes of exposure to pH 2.0 when the percent survivability of the two cultures is separated by less than 10 percentage points. Although this study is the first to provide evidence for a possible role for these proteins in S. enteritidis or any other organism, more characterization studies are needed to further elucidate the functions and possible roles for the gene products of STM0410 and STY4154.
In conclusion, we have identified a supplementary role for the DNA binding protein, Dps in S. enteritidis. In addition to functioning as a ferritin and a protective element for DNA under stressed conditions, Dps also performs as a global regulator in starved S. enteritidis. Also, we revealed three genes regulated by Dps and verified their importance for hydrogen peroxide and iron resistance (possibly as detoxification agents), as well as for the induction of acid resistance. Although did not explore whether Dps regulates gene expression in starved S. enteritidis via a direct or indirect mechanism, we believe that both mechanisms are feasible and have proposed to investigate the precise mechanism of regulation in future studies. The significance of this work lies in the fact that it demonstrates the absence of functional Dps protein results in the significant under or overexpression of over 150 genes in starved S. enteritidis. These genes represent potential targets of regulation that could indeed be the subject of future studies focused on Dps regulation under varying physiological conditions. Furthermore, stress resistance and/or virulence genes regulated by Dps in S. enteritidis could theoretically be simultaneously repressed by targeting Dps for deletion; making this pathogen significantly more susceptible to stress conditions with a single gene mutation. Fig. 2 -Survival assays. S. enteritidis Δdps, ΔSTM0410, ΔgalR, ΔSTY4154, and their parental strain were subjected to three different stress assays to determine the significance of each deleted gene in stress resistance. Graphs illustrate the results of three separate resistance assays: hydrogen peroxide (a), iron (b), and acid (c) resistance. Stress was induced utilizing 20mM H2O2, 100mM FeSO4, and pH 2.0 respectively. Resistance is measured by the percent survival of the challenge culture over one hour. Standard error is represented by error bars.
